INTRODUCTION
The High-Temperature Gas-Cooled Reactor (HTGR) Safety Study Program for the Division of Reactor Licensing, U.S. Nuclear Regulatory Commission, was in need of a model to calculate the rate of air ingress into the prestressed concrete reactor vessel (PCRV) following a design-basis depressurlzation accident (DBDA). General Atomic Company (GAC) had developed a computer code to predict the air ingress rate,^'^ but it was deemed necessary to develop an independent code to compare the results of both codes and to provide a tool for analysis of any HTGR. The air ingress rates and resultant changes in effective molecular weight of the PCRV gas are particularly important in the design of the core auxiliary cooling system. *Temporary summer employee at ORNL from the staff of the Department of Mechanical Engineering at the University of Tennessee.
DESCRIPTION OF THE DBDA PROCESS
Two types of ruptures in the PCRV are considered: a break around the bottom of the steam generator penetration (point A in Fig. 1 ) where the hot helium enters the cavity (hot-leg break) or a leak near the top of the cavity (point B in Fig. 1 ) where the helium has been cooled and is returning to the core (cold-leg break). When the leak is initiated, a blowdown occurs from the PCRV, beginning at the operating pressure (about 700 psia) and ending at some low pressure. The blowdown causes pressure and temperature changes in the containment, which is initially near atmospheric pressure and ambient temperature, for a few minutes until relatively steady-state conditions are reached. The entire PCRV and containment then equilibrate at a pressure of 20 to 30 psia, depending on whether the leak was a hot-or a cold-leg break. The containment temperature at this time is about 100 to 150°F.
These pressure and temperature excursions are described and calculated by the Contempt-G computer program.^ For the present study, the long-term effects (those up to 6 hr) were of interest; therefore, the containment was assumed to reach the steady-state temperature and pressure instantly.
At least four types of mass transfer processes can occur during the DBDA to alter the effective molecular weight of the gas in the PCRV from a value of 4.00 for pure helium. These are (1) expansions and contractions due to temperature changes in the PCRV, (2) establishment of a free convection loop, (3) reaction of the incoming oxygen with carbon in the reactor to form carbon monoxide, and (4) diffusion.
The free convection loop will only be a possibility with the coldleg break that occurs at the top of the steam generator. A stable buoyant situation exists with the hot-leg break at the bottom of the PCRV. Diffusion was determined to be negligible under both of these conditions. In GAC's description of their calculations in Section 5.1.4 of LTR-1 (Ref. 1), they considered points 1 and 2 (see Fig. 1 ) above the reactor core. Therefore, a cold-leg break was considered, although this was not stated. In conversations with George Malek of GAC, he mentioned that they included the reaction of incoming oxygen with the graphite in the ORIML-DWG 75-16080 Fig. 1. Diagram of core cavity, steam generator penetration o the PCRV, and the containment structure. core to form CO; this point is not noted in LTR-1. These conversations actually led to the decision to include this reaction in the model described in this report.
COMPUTATIONAL MODEL Free Convection Loop
Most of the assumptions used by GAC^ were also made in this study, including the assumption that the total cross-sectional area available for inflow and outflow is 100 in.2. The height of the buoyant column was taken as 8 ft (the distance from C to D in Fig. 2 , which was the effective height of the annular gap). Friction in the column was ignored, because the flow area away from the flow restrictor (point C in Fig. 2) was significantly greater than this minimum flow area. The major inhibitor of flow was assumed to be the entrance and exit losses at the flow restrictor. These were treated as a sudden contraction loss with a loss coefficient about 0.5 and a sudden expansion that can have a loss coefficient as large as 1.0, depending upon the ratio of flow areas. To be conservative (i.e., to overestimate the rate of air ingress), the sum of these two coefficients was assumed to be 1.2, which is the same assumption used by GAC.^ In the fundamental equation for the free convection loop, the difference in head produced by the different weights of the columns is balanced by the pressure losses in the flow path. With the assumptions discussed above, the equation is given by p V^ p V^ Transforming this to the mass flow M^ of the outflowing gas, the equation
Equation (4) can be used over a time interval At to determine the amount of gas leaving the containment.
Expansion-Contraction Process and CO Formation
The expansion-contraction process is essentially an inventory system using the ideal gas law. However, there are several possible sequences of events and conditions that can be hypothesized. The reaction of oxygen with graphite to form CO is also incorporated into the procedure.
The reaction is
The sequence of events in the expansion-contraction process with chemical reaction proceeds as follows:
1. Equation (4) is first used to calculate the mass of gas mixture leaving the PCRV in the time interval At. An equal volume of gas mixture from the containment enters at the containment temperature.
2. The oxygen in the incoming containment gas then reacts to fomi 2 moles of CO for each mole of O2.
3. The newly formed CO and the rest of the gas that came from the containment are then heated to the average PCRV temperature.
4. The difference in this expanded volume and the volume of the gas that left the PCRV is then assumed to displace an equal volume of gas from the PCRV to the containment.
5. The new average temperature at the end of the time step is used to calculate a new volume of PCRV gas.
6. If the temperature has increased, the amount of gas that must leave the PCRV to keep the pressure constant is calculated and this amount is removed from the PCRV.
7. If the temperature has decreased, the volume of containment gas that will enter at containment temperature is calculated. The procedure then repeats steps 2 through 4.
8. The entire sequence is repeated starting with step 1.
A complete listing and documentation of the program INGRES is given in the appendix.
RESULTS FROM THE MODEL Summit and Fulton HTGRs
The computed results for the effective molecular weight of the gas in the PCRV and the helium mole fraction as a function of time are given in Tables 1 and 2 One interesting feature of the results is that the molecular weight in the PCRV finally exceeds that of the containment. This at first seems impossible until it is remembered that the chemical reaction to form carbon monoxide creates 2 moles of CO (combined molecular weight of 56) for each mole of O2 (molecular weight of 32). The gas from the PCRV increases in molecular weight as it enters the PCRV and the oxygen is reacted. indicates a column height of 8.0 ft, but these older results were obtained for a column height of 18.5 ft. The results in Table 3 were obtained using input data that seemed to be the same as the GAC data. Another difference in the method was that the GAC procedure coupled the free convection loop with the expansion-contraction process. If the outflow due to expansion was greater than the inflow due to free convection, no free convection was allowed to occur. As previously described, the analysis in this report considers the free convection to occur before, and independent of, the expansion-contraction process. This is more conservative and appears to be possible under certain actual local pressure and concentration variations in the PCRV and containment volume.
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